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IN THE EARLY DAYS OF ELECTRONICS, when triode vacuum tube 
appeared and enabled engineers to manipulate the flow of a larg- 
er current in proportion to a smaller contrGiling signal, amplifiers 
were availabie in dasses of performance. Glass A was the best and 
the brightest. Biased in the midite of its active region, with relatively 
high bias current and small excursions around its bias point, it fea- 



tured superior fidelity but with roughly 
10% eliicicncy. Class B was somewhat in- 
ferior in sound quality but had better effi- 
ciency, and Class C was even more inferior 
but offered still higher efficiency (see side- 
bar "Revisiting the class struggle")- 

Then there was Class D: It was biased to 
well beyond its cutoff point in the absence 
of an input and thus operated in the on/off 
mode. Its primary apphcation was for 
switching power to motors and relays— 
what we now call a digital function — albeit 



at low speed. You wouldn't even consider 
using this binary-state amplifier for audio 
applications. Despite audio designers' get- 
ting a better understanding of Class D by 
the 1960s, they could use this arcliitecture 
for high-performance audio uoly if they 
were willing to carefully work on all the de- 
tails. The audio systems that Bose Corp 
(www.bose.com) mass-produced in the 
1V70.S for OEM automotive installations 
demonstrate that these designs could suc- 
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But times have changed. Basic Class D 
amplifiers were previously relegated to ap- 
plications such as limited-bandwidth pub- 
lic-address systems, which tolerate THD of 
several percentage points. Now, an IC au- 
dio amp that rates only a D in class needs 
no longer suffer from loiv self-esteem. You 
can get high efficiency plus high fidelity in 
a Class D IC or module, comparable with 



Class AB designs (see sidebar "Efficiency 
numbers may vary"). You're no longer sub- 
ject to a sharp fidelity-versus-efficiency 
trade-off, removing a major dilemma in 
your design approach. Meanwhile, you 
must adapt your design to the needs of 
high-frequency switching circuitry and re- 
lated issues. 

Using an on/ off signal to capture and ac- 



REVISITING THE CLASS STRUGGLE 



AT A GLANCE 

> Class D audio ICs can provide audio qualit\' 
comparable with Class AB but with much high- 
er efficiency for realistic audio signals, 

i>The mandatop/ passive output filter is a key 
element of the Class D design, and you must 
design the filter for a specific loaii. 

>You have to consider Switching and Rf 
design guidelines in any Class D system. 



Same references to analog- 
amplifier classes appeared by 
the mid- 1930s. (The triode was 
invented in 1906 and was in 
wtdespread use by 1920.) 
However, I cannot find the origi- 
nal paper or source that cited 
these new-common dass desig- 
nations. To add to the alphabet 
soup, ott. ■ a , 1,'ier classes 
exist besides the well-known 
Classes A, B, AB. C, and D. 
Here's a brief review of the dass 

%f - ^ gives supe- 
rior imearity but yields efficien- 
cy of only 5 to 25% As you 
progress from Class A to Class 
AB to Class B and to Class C, 
you lose linearity but gain effi- 
ciency. Each succeeding dass 
moves the bias point farther 
away from the active, linear 
region and closer to cutoff when 
there's no input signal and lets 
the input signal swing the out- 
put over a wider range (figiirie 



A). Class B offers a nice balance 
between performance and dis- 
tortion, but you have to watdi 
out for aossover distortion, 
which results from timing asym- 
metry as each half of the output 
transistor pair aftemates 
between its on (active) and off 
states. 

You use Class C amplifiers in 
nonaudio applications in which 
power efficiency is aitical-for 
RF power amplifiers, for exam- 
ple, in which it's difficult to gen- 
erate a large, linear amount of 
RF power. A Class C design may 
be inexpensive and efficient but 
requires careful RF filtering 
using an LC tank circuit to sup- 
press harmonics. Class C audio 
amplifiers are rare because they 
generate lar^ amounts of hard- 
to-filter harmonics at retaMy 
low frequencies. 

With Class 0, the input signal 
drives die output either off or 
yiy on, pushing transij^ 




either into cutoff or saturation, 
respectively, and no pretense 
exists of tallowing the input 
viraveform shape. Therefore, 
Class D devices offer high effi- 
ciency, because the main 
sources of inefftdency are the 
switching loss, charge injection, 
and on-resistance, rather than 
the quiescpnt bias-state current 
consumption of the amplifier 
itself. 

Class D is essentially the 
same as pulse-width modulation 
(PWIM); the different names 
come about because of the des- 
ignator's frame of reference. If 
you think the digital world is 
more attractive, you can call the 
PWM amplifier a l-bit amplifier, 
and some commercially avail- 
able amsumer-amp vendors do 
that to lure leading-edge cus- 
tomers. Although PWM is the 
most (a\-..r-- ■ 'h' g-ampli- 
tier implementation, other vart- 
dfies, such as pulse-amplitude, 
pulse-dens'rty, and pulse-posi- 
tion-modulation, exist. 

, Less well-known 

Fifort A 



are Class E, C, H, 
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and S. (Apparently, the Class F 
designaticn is still available if 
you want to claim it for some- 
thing you develop. Does any- 
one want to admit to getting an 
F in dass?) Class E amplifiers 
operate the output transistor 
with a low level of current 
through it or a low voltage 
across it; whereas this approach 
can keep dissipation low, no 
designs use it. Class C is a varia- 
tion on class AB or B, in which 
the power stage draws its volt- 
age from one set ofwltage 19'd 



during iovwr power operation 
and then switches to higher 
level rails when it needs to pro- 
duce more power. 

Engineers sometimes conluse 
Class H with Class In Class G 
designs, the supply rail itself 
dynamically grov\5 by drawing 
on energy stared in a capacitor 
when the amplifier seeks to 
deliver more power; this tech- 
nique eliminates the high-rate 
switching waveforms of Class D 
and minimizes potential EMI 
radiation. Finally, Class S ampli- 
fiers have a Class A stage fol- 
lowed by a Class B stage, con- 
figured so that the load ai^ears 
as a higher resistance than it is; 
this approach simplifies load- 
driving requirements for the 
amplifier. (See references A 
and B for good descrip^ons of 
the various classes and their 
implicdtiom.) 

Leading to considerable con- 
fusion, common British and 
Japanese audio usage reverse 
the American usage of classes G 
and H (Reference B). (I haven't 
checked out this claim, but the 
author appears knowledgeable 
and experienced, so this note 
seems worthwhile to keep in 
mirKll} 



References 

A. Self, Douglas, Audio Power 
Amptiffer Design Handbook, 
Newnes/Butterworth-Meine- 
mann, 1996. 

B. Duncan, Ben, High Perform- 
ance Audio Power Amplifiers, 
Newnes/Butterworth-Heine- 
mann, 1996. 

■ " :4: 



designfeature 




curately render a faithful but more power 
fut r-eproduction of an anatog signal 

may seem counterintuitive at first L 

gla nee, especially when you think of the au- 
diophile world and specifications such as 
0.1% THD. After all, what's more distort- 
ed ifian a rectangular waveforin approxi- 
mating a sinelike wave shape? 

Consider the simple case of a sine-wave 
input. Suppose your digital signal uses +V 
and —V to represent the two logic levels. 
Next, use the digital states to drive tfrnifS- 
tor or iVlOSFET switches, which connect to 
each side of the output speaker; when one 
switch is on, the other is off. Because the 
switches are cither on or off, they operate 
efficicntty with virtually no steady-state 
loss except for R^^,^. loss. 

When you switch from one binary state 
to the other as the sine input passes 
through the zero-crossing level, you have 
a rrctAngwlar wtve upprosamnOon— fld- 



Figure I 





n 



Basic Class D (PWM) operation compares an input waveform (a) with a ramping signal (b); the 
output of the comparator drives a pair of output switches (c), whose output the amplifier then 
tmifamtltm mipesmU ^ load 



EFFICIENCY NUMBERS MAY VARY 



The driving factor for Class D 
amplifiers, compared with fjieir 
class A and AB counterparts, is 
efficiency. Higher efficiency 
translates into longer battery 
life, reduced heat dissipation, 
and smaller designs, The devel- 
opment of fast-switching, low- 
loss switches was a major factor 
in allowing engineers to imple- 
ment practical Class dfeigrts. 
Before the existence of these 
switches, the losses were exces- 
sive even at relatively low 
switching frequencies of 50 kHz. 

The major power loss occurs 
during the switching process 
itself, which should be a rela- 
tively small part of the overall 
switching period. Other sources 
of loss are switch on-resistance 
and RF-related losses in the fitter 
because of imperfect inductors, 
"skin effect," and undesired cou- 
pling between components. 

What efficiency improvement 
can you expect from a Class D 
amplifier? As with so many 
other questions, the answer is, 
"It depends." For a properly 
ctesigned Class AB amplifier that 
a sine wav^ drives to majtirawm 



output level, e^ciency a about 
57%, whereas a Class D design 
under the same conditions 
yields approximately 80% effi- 
dency-not much difference 
there. 

However, few audio amplifi- 
cations have just full-scale sine- 
wdue inputs; they make a pretty 
dull sound. Many music applica- 
tions have signal-crest factofs- 
the ratio of the highest to the 
average signal-of 10 to 15 dB, 
so the typical ■ ' is one-t^|^ 
to one-thirtietli ot the "TT" 
mafflmum. At these * 
lower levels, the Class D effi- 
ciency remains near its maxi- 
mum and can even increase to 
about 90%, whereas Class AB 
efficiency drops dramatically to 
30. to 45%. 

In a controlled test with 
music, Texas Instruments com- 
pared its TPA0202 linear ampli- 
fier with its TPA005D02 Class D 
IC, both 2W devices. The dra- 
matic results demonstrate an 
increase in playing time from 
ill minutes for the linear 
approach to 283 minutes for the 
Cla^s D technique (Figure A). 



The difference between the two 
designs represents a lot of wast- 
ed batterif power plus more 
heat that your design must dis- 
sipate. Some Class D designs 
with every higher power boast 
more than 90% efficiency when 
they are properly matched to 
the appiicafion {.see sidebar 
"Class D goes beyond basic Iwt- 
tery applicatiofis^J. 

Precise efficiency measure- 
ments may involve special test 



1 



seyps and coreideration 
type of signal: music, voice, con 
tinuous, or intermittent. 
Refefente A provides some 
insight into these issues. 
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mittedly crude^ — of a sine wave. Lowpass- 
filtering helps somewhat, but distortion is 
still about 10 to 20%, depending on the fil- 
(cr. 

But, instead of just waiting for the zero 
crossings of the input to make an output 
determination, compare the bandwidth- 
limited input with a precise triangle clocl<: 
m^itl thit is ai a fiiequeoqr much higher 
than the audio bandvi'idth. Now, the com- 
parator output is a square wave with a dut)' 
cycle that is proportional to the input-sig- 
nalamplitude (Figure 1). Designers devel- 
epcd tkh classic Class D design in the late 
1940s and early 1950s; it's the principle un- 
derlying pulse-width modulation (PWM), 
which nonaiidio amfjALfiw igspiicatisns 
also use. 



Ahhough the duty cycle of this Class D 
or PVViM waveform relates to the input am- 
plitude, the waveform is still a poor repre- 
sentation of the input. Fortunately, the so- 
lution to this problem is simple — at least in 
concept. You put a pair of lowpass filters 
between the Class D driver outputs and the 
load inputs. With the right filter, matched 
to the load, you can achieve THD of less 
than 1%. Your selection and design of this 
filter and matching it to the switching fre- 
quency of the amplifier, as well as the load 
characteristics, are critical parts of success- 
ful ovatall Clasi D de&ign. 

DEsiiif {ssinf m mmmimm 

Using a Class D IC audio amp makes 
your design effort much simpler than us- 



ing a discrete approach. However, you 
should consider some new factors if your 
experience is with Class A, AB, or B. First, 
you no longer deal with low- and moder- 
ate-level analog signals with bandwidth 
only as high as 20 kHz. You now have 
switching waveforms of 100 kHz to 1 MHz, 
so you must provide adequate ground 
planes. Equally important, you need pow- 
er-rail bypassing very close to the Qass V 
IC. 

You also have to keep all leads short. This 
requirement is especially important be- 
tween the high-level Class D driver outputs 
and the lowpass filters; otherwise, you 
source RFI that you don't want in your sys- 
tem. Components in the filter section 
should also be close together to minimize 



CLASS D GOES BEYOND BASIC BATTERY APPLICATIONS 



Although Class D designs are 
atlraflive for low-power, bat- 
J|B|fenstrained sy^ems, en^- 
^BWflid much of the pioneer- 
ing work in applyiti^ them at 
higher output levels, at which 
efficiency is not optional. Many 
of these applications are in the 
full- or limited-audio band but 
may not involve sound repro- 
duction itself. Representative 
applications include motor con- 
trol, magnetic bearings, vibra- 
tion-canceling systems, and 
large-area sound systems. 

For example, Apex 
Microtechnolojy Corp padss a 
500-kHz amplifier vvith 
an H-bridge into a 
hybrid component that occupies 
less than 1 sq in. (Figure A). 



The device operates from a 5 to 
40V supply (aov p-p) and 5Up> 
plies 5A of continuous output 
current (7A peak) at 94% effi- 
ciency. To further simplify using 
this SO-kHi- bandwidth amplifi- 
er, tfw SA07 Includes shutdown 
control and fault protection, and 
you can synchronize its clock to 
an external source if you \\<in\ 
to minimi7.e undesired interac- 
tions with other signals. Apex 
also offers hybnds with other 
power 



ranges and bandwidths to 
match the needs of dMerent 
applications. 

If you're serious about audio- 
band power, you can step up 
from that smaller hybrid device 
to Copley Contois' (www. 
copleycontroKcom) Mode! 
263P, a 19-in., rack-mounted 
unit (Figun 3). Designed for 
inductive loads such as the 
magnetic coib of shake tables 
and vibration-free platforms 
(which are finding 
increasing use in 
precision 
man- 




A hybrid sudi as Hie Apex Microtetfmolitgy SAo7 includes control 
droiltrY and full bridge output in a 1-sit-in. |iBldiaje yet tan drive 
jif oulpiltf at as much as 5 A. 

•IT' "' " " " " 



Efficiency is tnandjrtary 
when you need extremely high 
power levels. The rack-mHlltt 
Model 2G3P from Copley CiiiintrdU 
deUvers ±300V at I2BA rats and 
peak current more than tnrke that 
value for applications iudi as 



ufacluring, semiconductor tabri- 
caticHi lines, and electron-micro- 
scope stations), this $13,000 unit 
develops 38 kW of power from 
dcto3.5kH?. !: : t nted 
±300\/ at±128A contmuoMS 
{+266A p-k), and the Si-kHi 
switching frequency unit thank- 
fully operates at 94% efficiency. 
If you need more power than 
this unit can deliver, rest easy: 
Vou can parallel as many as 20 
identical units for fiBCtjonal- 
megawatt power! 

Recognizing other specialty 
martlets, Harris Semiconductor 
offers parts and subsystems 
designed for the heart-thtd|tt|||^ 
audio subwoofer. The ^^^Bl 
HIPIOODCREF is a lOOWrms cir- 
cuit that drives a 0.751i sub- 
woofer from a nominal 12V car 
battery over the 20- to 900-Hz 
band. You get THD+noise lower 
than 0.08"* and 95f/o efficien- 
cy with this circular-pc-board 
d^ign, v^ich mounts on 
back of the woofer iteelf. If ^ 
you're at honte rather than in 
your car, you can use the simi- 
lar HIP200ACREF parts and 
design to achieve 200W rms 
into a 211 speaker from 10 to 
450 Hz from a 32V bus supply. 
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track length. 

Though you need to follow good higli- 
fretfUency design and layout guidelifies, 
you may not need to be overconcerned 
about these switching waveforms. For au- 
dio subsystems of laptop PCs, the RFI from 
the system clock and CPU is a greater threat 
fo electronic integrity than your audio am- 
plifier. Even if your design uses a slower 
CPU, such as an embedded microcon- 
tmUer m.anag!ng a security panel with 
u^-voke-prompt features, you cib min- 
imize "RF concefns by using shielded or 
toroidal inductors in the lowpass filters to 
reduce emissions from the filter compo- 
aisnrs themsetvee. 
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Figure 



Nearly all Class D amplifiers 
drive their loads via an H-bridge configu- 
riyosiit which alternately switches the load 
b«tiiw«eTi the positive and negative rails. Un- 
likf Class A through C loads, ttie Class D 
load is therefore ungrounded. You have to 
make sure that your design and mounting 
configuration allows for ungrounded loads 
and that the Class D amplifier you choose 
can tolrratf inadwrtent grounding of one 
side of the load if this situation is possible. 
You can connect most real-world audio 
loads a.s floating loads; a standard head- 
phone is one of the few loads that assume 
that on^ slcle is grounded, so yoti would 
have to use a separate low-power, single- 
ended headphone amplifier in this situa- 
tion. 

These floating, bridge-tied-load (BTL) 
crniffgnrotions serve another purpose: 
They boost potential output power by a 
factor of four over a grounded load. A sin- 
gle-ended load sees a maximum voltage 
differential of V^^^J^, whereas a BTL sees 
3 mgxrmirm voltsge drffererjtlat of 




if your output-fovKT raqiilraiii«nts are nodest an IC such a$ the stereo 1PA005D02 may be i (oad 
dnk^ became R faichidas imhAIp DMOS powBMNrtput mndston Ihrt pnwMe VU-tmng^SU-f^ 
power (per channel) Into 4X1 loads. 
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or 2XV,„„„,,,. Be- 



cause the power delivered for a fixed load 
resistance is proportional to the square of 
the voltage, doubling the output voltage 
quadruples the power. It's aFmost like get- 
ting something for nothing here, so don't 
complain about needing bipolar supplies. 

Even if you hssvt only a unipolar supply 
in )'our system, you don't lose out. iMany 
of the Class D amplifier ICs contain inter- 
nal charge-pump circuitry to develop a lo- 
cal negative supply; even if they don't, you 
can build your own with a basic dc/dc-con- 
verter IC and obtain more than 90% neg- 
ativi-supplf eglciejjcy. 
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v.rm biiild the output switches as part of f 
the IC. This approach saves you space and 
cost and minimizes interconnection and 
interface issues because the bridge's 

param-eters — rise and fall times as , Figure 3 

well as on-resistatice— match the amptifi- 
er control circuitry and drivers. For higher 
power designs, as wet! as those in which you 
need to match unusual loads, you may pre- 
fer to provide your own MOSFET or oth- 
m switches, using drivers that are in the \C 

tmm PARTS WYERfiE W PRACTICE 

Although the latest Class D ICs signifi- 
cantly reduce your design challenge conn- 
paretj with discrete designs, each wndor's 
offerings differ significantly from the oth- 
ers, so you need to carefully choose the 
power levels and the number and type of 
external components you can accept in 
yo in- design (Table 1). 

For example, Texas Instruments offers 
the stereo TPA005D02, a 2W-average/5W- 
peak power (per channel) IC, which in- 
cludes on-chip DMOS power-output tran- 
sistors that can drive 4fl loads fffgnte^'). 
This 48-pin device has balanced differen- 
tia! inputs for input flexibility with vari- 
ous audio-interface situations. Its nominal 
operating fre<^v«Liicy is 250 kHz; THD-l- 
noise is few thin 0.5% across tb« audio 
band with a 5V supply. You can also put the 
amplifier into a shutdown mode in which 
it consumes just 400 p.A. You do not need 
a heat sink at these single-watt power lev- 
els running at 80 to 90% Qass D efficien- 
cies with realistic audio signals, because the 
surface-mount IC also includes a thermal 




You add external MOSFETs with the ratings you need to Linfinity Microelectronics' VHWH 
controller to build m amplifier module such as the LXE 1720-01 evaluation boaN. 



pad that corm^ diiajpmttd tot tp ttte ^ 
board. 

To help you use this IC, TI also provides 
a SLOP223 evaluation module that is com- 
patibhr with the company's audto-pmvcr 
amplifier plug-and-play platform. The 
user's guide offers reference designs, 
schematics, and Gerber plot files. The de- 
sign software lets you enter desired para- 
meters and evahiate Audio and thermat 
performance under a variety of conditions, 
Linfinity Microelectronics introduced its 
LX1720 stereo-controller IC with the note- 
book-PC market in mind, optimized for 
20-Hz to 20-kHz operation and lOW itns 
output. This 44-pin SSOP IC, which re- 
quires external MOSFETs, operates at 




STMicroelectranics offers single-channel (mono) Class D ampHKers with 10, 18, and 25W ritia|g. 



around 350 kHz. Fed by a 1-kHz sine-wave 
test input with an 8fl load per channel and 
O.in MOSFETs, the measured THD+dis- 
tortion is less than 1%, and efficiency is 
gt«»tcr fhan 9-2%. With a feaf-worM ma- 
sic signal, such as the first 20 sec of Hold On 
Tight from the Electric Light Orchestra, the 
efficiency is approximately 60%. 

Because the output drivers are external, 
you can use larger external MOSFET*; and 
a higher voltage supply to get even more 
power. Linfinit)' Microelectronics also sup- 
plies a itep-by-step design application note 
and rrfei"e;nce design, a* well as the $49.95 
LXE 1 720-01 amplifier modnle, which 
plugs into the $19.95 LXE1700 evaluation 
kit and provides audio-input jacks, power 
connections, volume contfid, Qilijrt 
connections (Figure 3), 
STMicraeiecTfonics recognizes that 
many audio applications need high 
efficiency but not stereo output (that 
is, they are monophonic) and can accept 
moderate distortion levels. To meet this 
need, th€ company has developed a trio of 
Class D parts, theTDA7480,TDA748!, and 
TDA7482, which offer 10, 18, and 25W 
outputs, respectively. The smallest of these 
lOO-kHz ICs is available in a power DIP 
package with a heftt-spreading lead frame, 
and the larger two ICs come in 15-pin 
packages with heat-sink tabs (Figure 4). 
The application note that ST- 
Microekctronics supplies gives detailed 
design steps, conclnd'ing with both secwnd- 
and third-order Butterworth filter design 
options; the individual part data sheets 
show detailed pc-board layouts. 
A lot of similaritifis exist between a Class 
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Think bade to those first engineering classes: A two-pole Butterworth topology with its compo- 
nnt-vilue aqiitiQBs may sa&fy ynur ^^^u^ettfof mtutrenients. 



D ampJIfier and a dc/dc swrtching regula- 
tor. Recognizing this fact, Micro Linear 
Corp's (wwv.microlinear.com) Applica- 
tion Brief 7 shows you how to use the com- 
pany's ML6552 switching regulator, which 
can both source and sink current, as a Class 
D amplifier. The design, which switches at 
around 600 kHz, requires 10 passive com- 
ponents and yields THD of 0.8% from 20 
Hz to 30 jcHz; efficiency is 55% for this sin- 
gle-watt configuration. 

Not all high-efficiency ICs are Class D. 
Philips Semiconductors goes the Class H 
route with the TDA1562Q, This 17-lead 
SIP operilfes a.s a Cla&s AS amplifier at low 
ipTris and automatically swrtches to Class 
H mode when its case temperature exceeds 
120°C, corresponding to approximately 
18W output power. It delivers SOW into a 
4U bad from a 12V supply (nominal car 
battery), 70W from a 14.4V suprply (a car 
battery fldly charged), and lOOW from a 
17V supply. The mono IC also includes a 
status output that tefls you which class of 
operation the device i^ in and a diagnostic 
pin fhat informs voir of cscesiive dynMnic 
distortion, short circuits, or OfJ«n circuits 
at the output. 

PESKY PASSIVE FILTERS AFFECT EFFICIENCY 

Ymtr lowpass-filtwr design re zn oppor- 
tunity for you to make your design trade- 
offs — it's those analog signals again in an 
on/off world. Work with the application 
group and literature from the IC vendor to 
S«S what the company recommends; there's 
no use covering the same ground by your- 
self. The vendors' design kits, evaluation 



trnlts, and modeling software should JieJp 
you exploBi wps^i^mi mmpmimtke- 

lections. 

The vendors can't make all decisions for 
you, however. A two-pole Butterworth 
topology is efFecttve for many applications, 
but designs that call for lower distortion — 
less than about 0.5% — may need a four- 
pole filter, which costs more and involves 
more components and matching (Figure 
5). You nesd two identicaJ filters, one for 
each leg of the H-bri%e tJid its BTL out- 
puts. 

Your design life vs'ould be much easier if 
you simply buffered the filter output, thus 
making the fitter design relatiwly inde- 
pendent of the load. Sorry; Because the 
buffer would have to operate as a power- 
hungry Class A or Class AB function to 
provide the fidelity you need, it would 
negate the major virtue of the Class D am- 
plifier. If you must accommodate loads that 
vary over a wide resistance or reactance 
range, be sure to model arsfi. afl$lV*e your 
filter design accordingly. 

You slso have to balance the Class D fre- 
quency you choose against the perform- 
ance you can achieve and the filter compo- 
nents you need. On one side, a higher 
switching frequency is easier to filter with 
sniatkr value and smaFler physical-size ca- 
pacitors and inductors that can have 
greater tolerance from their nominal val- 
ues. However, switching losses increase 
with frequency, so you may not get the 
overall efficiency you expect. Around 75D 
kHz to 1 MHz, the design reaches the point 
of diminishing returns in efficiency. Simi- 



larly, high-frequency losses in the passive 
components and even RF "skin effect* ccfn- 
tribute to inefficiency. RF-layout concerns 
are more evident at higher frequen- 

.5 J cies. 

Conversely, lower frequencies minimize 
RF hut nend Istger p^ssiVe filter compo- 
nents or more complex filters to achieve the 
same THD as a higher frequency imple- 
mentation. Your layout and component se- 
lection are easier, however. Lower frequen- 
cy filters usually have larger indtfctors wirh 
more turns and longer linear conductors, 
so their resistance may be higher The fact 
that inductor vendors offer larger gauge 
(hence, lower resistance) wire for thes? 
larger value inductors batance.'i cwt this re- 
sistance. In contrast, higher frequency in- 
ductors have fewer turns and shorter linear 
conductors but are often of thinner wire 
with high resistance. Use the make and 
model components that the IC vendor rec- 
ommends or be prepared to dig into the 
component data sheets to get additional 
parameters for a more realistic model. For 
better filter analysis, you should include the 
dc resistance oFthe filter indtKtflr as part 
of your filter model. 

For your first-pass estimate, start your 
Class D implementation with a switching 
frequency that's at Least 10 times the audia 
bandwidth; that is, 200 to 250 kHz for a fuH 
audio band. If your design requires lower 
audio bandwidth, as in many applications 
that need low-THD audio but only over a 
limited band, you can either reduce the 
iwitchitrg frequency 
or loosen your filter 
requirements to 
achieve the same final 
THD. If you're unsure- 
of youf final switch- 
ing frequency, be sure 
that the IC you select 
supports the frequeii- 
cy range you wish to 
expLors.'Q 
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